Impact of photo-assisted collisions on superradiant light scattering with Bose 

condensates 
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We present experimental evidence supporting the postulation that the secondary effects of light- 
assisted collisions are the main reason that the superradiant light scattering efficiency in condensates 
is asymmetric with respect to the sign of the pump-laser detuning. Contrary to the recent experi- 
mental study, however, we observe severe and comparable heating with all three pump-laser polar- 
izations. We also perform two-color, double-pulse measurements to directly study the degradation 
of condensate coherence and the resulting impact on the superradiant scattering efficiency. 

PACS numbers: 03.75.-b, 42.65.-k, 42.50.Gy 



The astonishingly efficient suppression |l| of superra- 
diance 0-[ll| observed with blue-detuned, linearly po- 
larized pump fields has triggered further experimental 
and theoretical investigations. Although various suppres- 
sion mechanisms based on single-atom light scattering 
have been studied 12], to date none are capable of ex- 
plaining the magnitude of the suppression. Recently, a 
light-assisted collision model [H[ was proposed that ex- 
plains the suppression with blue detunings as a conse- 
quence of radiation trapping of photons emitted during 
the collisional process. These scattered photons are pre- 
dicted to be red shifted near the single-photon resonance 
and therefore substantially heat the gas. While we be- 
lieve this model is correct, their work raised additional 
questions because contrary to their own calculation, Ref. 
[l3l [lij reports no evidence of heating and only a very 
weak impact (no suppression) on the superradiant pro- 
cess. These experimental findings are in stark contrast 
to the astonishingly efficient suppression of superradiant 
scattering with blue-detuned pumps reported previously 
[l[. In this paper we present additional experimental 
studies to clarify these differences. 

We begin by investigating atom loss from a 87 Rb con- 
densate using a method analogous to that employed in 
previous photo-association studies with magneto-optical 
traps [15| . Here the pump laser is linearly polarized and 
propagates along the short axis of the condensate, as in 
the original pioneering study Ref. [3J, and the D2 line 
(5Si/2 — > 5P3/2) is excited. After applying a single, far- 
detuned laser pulse of selected detuning (8), duration (r), 
and Rayleigh scattering rate (R) to the condensate, we 
turn off the magnetic trap and employ Time-of-Flight 
(TOF) absorption imaging to analyze the atoms remain- 
ing within our field of view. Figure 1 shows atom loss 
out of the zero-momentum condensate as a function of 
r for different experimental conditions. Note that both 
parallel and perpendicular polarizations are expected to 
generate the usual spontaneous Rayleigh scattering. In 
addition, a perpendicular polarization is also expected 
to result in the buildup of significant coherent Rayleigh 
scattering which drives the superradiant growth process. 
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FIG. 1: Fraction of atoms remaining in the condensate (Ohk) 
as a function of r with R = 95 Hz, |<5|/2tt = 10 GHz, and TOF 
= 15 ms. Red (blue) color corresponds to a negative (posi- 
tive) detunings. Squares: parallel polarization applied 5 ms 
after turning magnetic trap off. Triangles: parallel polariza- 
tion applied with magnetic trap on. Solid circles: perpendic- 
ular polarization applied with magnetic trap on. Throughout 
this manuscript, typical error bars are one standard deviation 
unless otherwise indicated. 



We found that if the trapping potential is turned off to 
allow the atomic density to drop to a sufficiently low level 
before applying the pulse, the observed rate of atom loss 
with a parallel polarization for both red- (red squares) 
and blue-detuned (blue squares) pumps is indeed consis- 
tent with that expected only from spontaneous Rayleigh 
scattering. However, when a blue-detuned pump is ap- 
plied with the trap on, both parallel (blue triangles) and 
perpendicular polarizations (blue circles) result in a rate 
of atom loss that is much faster than that expected from 
spontaneous Rayleigh scattering, even though no super- 
radiantly scattered atoms are observed with either polar- 
ization. In contrast, if a perpendicularly-polarized, red- 
detuned pump is applied when the trap is on, matter- 
wave superradiant scattering is clearly visible and these 
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FIG. 2: Normalized longitudinal (a) and transverse (b) mo- 
mentum distributions of the atoms under red- and blue- 
detuned excitation for r = 500 fis (a,b) and t = 30 /is (c, 
d). Here, TOF = 15 ms, R « 2 kHz, and 5/2tt = ^2 GHz for 
red/blue detunings, respectively. Notice that a large fraction 
of the atoms acquire a momentum > 5hk, a feature observed 
for all pulse lengths studied. 



FIG. 3: Plot of scattered fraction as a function of pump laser 
intensity for three laser polarizations with 5/27T = —5 GHz. 
The pump travels along the long axis as in Ref. [13j The data 
agree with the corresponding estimates for a 2— (tr' + '), a 3— 
(linear), and a 4— (cr' - ') level systems. In all cases, severe 
heating was observed. 



data (red circles) display a threshold behavior heralding 
the high gain superradiant growth region that results in 
significant depletion of the condensate. The in-trap data 
with blue-detuned pump light (blue triangles and circles) 
indicate that for long pump times the light-assisted col- 
lision rate drops considerably during the duration of the 
pulse. This occurs because the density of the gas drops in 
time due to heating, and the lower density causes a cor- 
responding drop in the photo-induced collision rate and 
radiation trapping. Therefore the loss rate, as evidenced 
by the asymptotic slopes of the curves in Fig. 1, returns 
to the usual single-particle Rayleigh scattering rate. 

To further understand the abnormally fast loss rate we 
analyzed the momentum spread of the atoms remaining 
within our 100 fim depth of field after applying blue- 
and red-detuned laser pulses. The spectra in Fig. 2 show 
that a substantial number of atoms acquired a momen- 
tum that was much larger than that expected from a first- 
order, two-photon Raman process. We note that because 
atoms participating in a photo-assisted collision acquire 
a very large velocity when they disassociate, they are 
not visible after the TOF and therefore do not directly 
contribute to the observed momentum distribution. In 
general, for the detunings we studied the terminal veloc- 
ity of these atoms will be on the order of several m/s, 
and they will therefore leave our field of view in ~ 100 
/is. However, this direct loss of atoms from light-assisted 
collisions is small (< 1%). 

It is well known [l|| QjJ that during photo-assisted col- 
lision events with blue-detuned light that a large kinetic 
energy transfer to the constituent atom pair occurs and 
that the scattered/emitted photons are necessarily red- 
shifted closer to the single-photon resonance. As pointed 



out in Ref. [131 ] , if the detuning is very close to resonance 
then the photons will be radiation trapped and substan- 
tially heat the condensate. The radiation-trapped pho- 
tons will then necessarily impact the superradiant scat- 
tering efficiency to a much greater degree than the di- 
rect loss of atoms from light-assisted collisions. Our data 
support the prediction of significant radiation trapping 
and heating, but are in stark contrast with the data pre- 
sented in Ref. [13J where negligible heating and only a 
very weak impact on the superradiant threshold were re- 
ported. Even the authors of Ref. [l3| stated that their 
experimental observations did not agree with their cal- 
culations which were based on the theoretical framework 
of light-assisted collisions [l8[ . 



It should be pointed out that Ref. |13[ excited the 



Dl line of Rb using a circularly polarized cr^~> pump 
field that propagated along the magnetic field quantiza- 
tion axis (long axis of the condensate). However, the 
data reported in Ref. [1] and the data shown in Figs. 
1 & 2 were obtained using the D2 line of 87 Rb with a 
linearly polarized pump field that propagated along the 
short axis of the condensate. The Dl line experiment 
results in a true two-level system whereas the D2 line ex- 
citation of 87 Rb leads to more complex multi-level exci- 
tations because the pump field propagates perpendicular 
to the magnetic quantization axis. 

To further clarify this we carried out a series experi- 
ments that systematically investigated the heating effect 
using linear and polarized pump light propagating 
along the long axis of the condensate. For D2 line exci- 
tation from a ground state of F = 2, mp — +2, pump- 
ing with <j( + \ linear, and er^ - ' results in a true 2—, 3—, 
and 4— level system, respectively. We found that con- 
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trary to the Dl line data all measurements using a 
blue-detuned pump with different polarizations resulted 
in severe heating that is entirely consistent with the pre- 
dictions of the light-assisted collision theory. Figure 3 
is a plot of the scattered fraction as a function of laser 
intensity for all three pump polarizations. These data 
agree with what is expected for the corresponding 2—, 
3—, and 4— level systems, and the suppression of scatter- 
ing and heating with blue detuned light was comparable 
for all three laser polarizations. We note that the res- 
onant dipole-dipole coupling coefficient C 3 for S + P 3 / 2 
(D2 line) is different from that of 5" + Py 2 (Dl line). 
The potential curves thus have different slopes, and this 
changes the effective time for the atom pair to reach the 
bare atomic asymptote. This implies that a larger frac- 
tion of the photons participating in light- assisted colli- 
sions under D2 line excitation would be closer to the 
bare atomic resonance and hence radiation trapped in 
the gas than for Dl line excitation. Furthermore, while 
the 0+ state contributions to the D2 line and Dl lines are 
nearly the same, the l u state contribution to the D2 line 
is significantly larger than that of the Dl line [l9| . The 
combination of these effect could explain the significant 
differences in heating observed experimentally. Clearly, 
more theoretical studies on the severe heating with D2 
line excitation and the lack thereof with Dl line excita- 
tion are warranted. 

One of the dominate features of an ultra-cold quantum 
gas such as a Bose-condensate is its very high degree 
of de Broglie wave coherence. From wave propagation 
theory one can easily understand that radiation-trapped 
photons will significantly damage the matter-wave co- 
herence. Mathematically, this is expressed as a broaden- 
ing of the two-photon momentum state transition width 
which detrimentally impacts the coherent photon gener- 
ation. To investigate this we further probed the conden- 
sate coherence in a series of double-pulse experiments by 
applying linearly-polarized light pulses along the short 
axis of the condensate. Figure 4a is a plot of the overall 
scattering efficiency when a red-detuned pulse overlaps 
completely with a blue-detuned pulse of variable pump 
rate. Here both pulses had the same perpendicular polar- 
ization, and the blue Rayleigh scattering rates (scattering 
efficiency) were normalized to the 157 Hz rate (33% ef- 
ficiency) of a single red-detuned pulse. Obviously, the 
heating from blue-detuned light lowers the condensate 
coherence and depletes the gas. Notice that although 
this reduces the overall efficiency, it does not completely 
suppress the scattering. This is because the perpendic- 
ularly polarized red-detuned pump provides additional 
gain to the superradiant process that works in conjunc- 
tion with the blue-detuned pump to overcome the neg- 
ative impact of the increased momentum width of the 
gas (see discussion below) and reach the threshold con- 
dition for run-away gain. In Fig. 4b we fixed the red- 
and blue-detuned pump-pulse durations and scattering 
rates at 400 [is and 157 Hz, respectively, and only varied 
the delay between application of the blue (first) and the 
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FIG. 4: a). Scattering efficiency in a double-pulse experiment 
as a function of R of an overlapping blue-detuned light, b). 
Scattering efficiency as a function of the delay time between 
the blue-detuned and red-detuned pumps, (i?^" = R^ = 
157 Hz). For both plots r = 400 fjs, TOF = 15 ms, 5/2n = =p2 
GHz (red/blue). Efficiency and R are normalized to that 
of a single red-detuned pulse, c). Scattering efficiency as 
a function of the parallel polarized blue-detuned rate. d). 
Effective two-photon resonance broadening factor calculated 
from c). The dashed line is a guide. 



red (delayed) pump lasers. As before, the blue-detuned 
pulse negatively impacted the efficiency, but it could not 
completely suppress coherent scattering. 

A clearer understanding of the underlying physics 
can be gained by applying a perpendicularly-polarized 
red-detuned pump and a parallel-polarized blue-detuned 
pump at the same time. This allows us to ascertain 
how the light-assisted collision channels impact the co- 
herently generated optical field that drives the superra- 
diant process. To accomplish this we simultaneously ap- 
plied a blue-detuned pump with a parallel polarization 
and a red-detuned pump with a perpendicular polariza- 
tion. This is equivalent to replacing — > R^ and 
taking At = in Fig. 4b. Because parallel-polarized 
light cannot emit photons along the long axis of the con- 
densate, it cannot participate in the superradiant scatter- 
ing process. Therefore the effect of the parallel-polarized 
blue-detuned pump was only to induce collisions whose 
rate we assume to first order is not affected by the ori- 
entation of the linear polarization. In contrast to Fig. 
4a we found that superradiance did not occur under this 
orthogonal-polarization, double-pump excitation scheme 
when the rates R were the same. When the rates are 
equal, this double-pulse experiment can be viewed as a 
pseudo-blue pulse because we replaced the blue gain by 
the red gain while maintaining the same loss rate from 
photo-induced collisions. 



In Fig. 4c we first applied a 400 /is parallel-polarized 
blue-detuned pulse of variable scattering rates and then 
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subsequently applied a 400 /is perpendicularly-polarized 
red-detuned pulse with a fixed R = 157 Hz to directly 
measure the impact of photo-induced collisions on the 
gas. Basically, the superradiant scattering efficiency of 
the red-detuned pulse was used as a probe of the detri- 
mental effects induced by the blue-detuned pulse. Fig- 
ure 4c shows the normalized superradiant scattering effi- 
ciency from this double-pulse experiment where the blue 
rate was varied from Hz to the full 157 Hz rate of the 
red pulse. As can be seen from the figure, the gain of the 
superradiant process is largely quenched when the blue 
rate was only half that of the red. Heating from the blue 
pulse increases the momentum spread of the gas, result- 
ing in broadening of the two-photon resonance line width 
and reduction of the density, both of which negatively 
impact the growth of the internally-generated coherent 
field. Intuitively, the broadening of the two-photon reso- 
nance line width can be expressed in terms of an effective 
two-photon resonance broadening factor Frt such that 
7o — > -FrtTo [HI where 70 is the intrinsic two-photon 
resonance linewidth [2(J. Figure 4d shows this effective 
two-photon resonance broadening factor Frt calculated 
from the measured scattering efficiency using the theo- 
retical coherent wave-propagation gain constant found in 
Ref. 0. Note that beyond a relative pump rate of 0.3, 
the low signal-to-noise ratio causes the calculated Frt to 
have a relatively large uncertainty. In addition, depletion 
effects from heating start to become important, and this 
introduces yet another efficiency-reduction mechanism. 

In conclusion, we presented experimental studies that 
support the postulation that light-assisted collision and 
subsequent radiation trapping are the main reasons be- 
hind the red/blue detuning asymmetry in matter- wave 
superradiance. We observed a high atom loss rate and 
a large momentum spread that cannot be explained by 



either a simple two-photon Raman scattering process 
or the intrinsic Rayleigh scattering rate. However, our 
data are consistent with the effects of heating expected 
from radiation-trapped photons emitted during a photo- 
induced collisional process. Contrary to the experimen- 
tal results reported in Ref. !13| we observed severe and 
comparable heating with all three pump polarizations. 
With a series of two-color, double-pulse experiments we 
further demonstrated that the key to understanding the 
detuning asymmetry does indeed lie in the increased mo- 
mentum spread of the gas caused by photo-induced col- 
lisions. We emphasize that matter-wave superradiance 
is fundamentally a self-stimulated, wave-mixing process 
whose efficiency will obviously be impacted by any in- 
crease in the momentum width of the gas. Finally, we 
note that in the case of a single-spin degenerate fermion 
gas, the Pauli exclusion principle prohibits photo-assisted 
collisions (molecular formation) and this is why no pump- 
laser detuning asymmetry was observed experimentally 
(2l| . If one creates a two-component spinor fermionic 
system from a single-spin degenerate fermion gas by RF 
spin flips, then a scattering asymmetry with respect to 
the sign of the pump-laser detuning should manifest it- 
self. 
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